The transforming growth factor-β (TGF-β) family of growth factors controls a broad spectrum of biological processes such as cell differentiation, proliferation, migration, apoptosis, and extracellular matrix remodeling.[@cit0001] Despite these multiple roles, the canonical TGF-β signaling pathway is surprisingly simple: TGF-β receptors signal by phosphorylating C-terminal serine residues of the transcription factors Smad1/5/8 for bone morphogenetic proteins (BMPs) or pSmad2/3 for the TGF-β/activin branch of the pathway.[@cit0001] The transcription factor Smad4 functions as a co-Smad that binds to receptor-phosphorylated Smads and was, until recently, considered an unregulated and constitutively active component of the pathway.

Glycogen synthase kinase-3 (GSK3) is a Wnt- and phosphoinositide 3-kinase (PI3K)-regulated kinase that requires pre-phosphorylated substrates. For phosphorylation of a serine/threonine (Ser/Thr) residue, GSK3 prefers a phospho-Ser/Thr at the n + 4 position, known as the priming phosphorylation site.[@cit0002] During a bioinformatics screen of the human proteome,[@cit0003] we noticed that Smad4 contains 3 putative threonine GSK3 phosphorylation sites primed by a canonical mitogen-activated protein kinases (MAPK) site (PxTP), prompting us to investigate the biological functions of these phosphorylations. Using a custom-made phospho-specific antibody, we found that Smad4 is indeed phosphorylated by GSK3 after treatment with fibroblast growth factor (FGF).[@cit0004]

FGF stimulation leads to phosphorylation of Smad4 by Erk at the canonical MAPK site located at threonine 277. This phosphorylation event has a dual effect on Smad4 activity.[@cit0004] First, it allows Smad4 to reach its peak of transcriptional activity by activating a growth factor-regulated transcription activation domain located in the Smad4 linker region ([**Fig. 1A**](#f0001){ref-type="fig"}). Second, MAPK primes Smad4 for GSK3-mediated phosphorylations that cause transcriptional inhibition and also generate a phosphodegron that is used as a docking site by the ubiquitin E3 ligase beta-transducin repeat containing (β-TrCP) ([**Fig. 1A**](#f0001){ref-type="fig"}). We found that Wnt, which triggers the sequestration of GSK3 inside multivesicular bodies,[@cit0003] inhibited Smad4 phosphorylation by GSK3 and potentiated the TGF-β signal; this stimulatory effect of Wnt was particularly striking at low levels of TGF-β ligand.[@cit0004] Importantly, Wnt increases TGF-β signaling only when FGF (or epidermal growth factor \[EGF\], depending on the cell line) is present. In the absence of the priming MAPK phosphorylation, the Wnt and TGF-β signaling pathways remain entirely insulated from each other.[@cit0004] These findings provide a novel mechanism for integrating 3 signaling pathways that would otherwise remain insulated, allowing cells to sense the activation status of the MAPK and Wnt pathways and adapt the TGF-β outcome to their cellular context. Figure 1.Regulation of Smad4 by the FGF/MAPK and Wnt signaling pathways. (**A**) Fibroblast growth factor (FGF) stimulates Smad4 phosphorylation by Erk at Thr 277. This has a dual function. First, it allows Smad4 to reach peak transcriptional activity (the identity of the co-activator is still unknown). Second, Erk/mitogen-activated protein kinase (MAPK) phosphorylation primes Smad4 for glycogen synthase kinase-3 (GSK3) phosphorylations that cause transcriptional inhibition and also generate a phosphodegron that serves as a docking site for the ubiquitin E3 ligase beta-transducin repeat containing protein (β-TrCP). Thus, both the activity and the stability of Smad4 are regulated by the FGF/EGF and Wnt signaling pathways. (**B**) Model highlighting Smad4 regulation in tumor suppression. Many tumors harbor activating Ras/Raf mutations that activate the Erk pathway, thus stimulating proliferation (red arrows). When the Wnt pathway is also activated (for example by loss of adenomatous polyposis coli \[APC\]), the activity and stability of Smad4 will be enhanced through the newly described regulatory mechanism (green arrows). This gain in Smad4 activity increases the antiproliferative effects of TGF-β (by increasing transcription of cyclin-dependent kinase (CDK) inhibitors such as p14^Ink4b^ and p21^WAF^[@cit0001]), counteracting the proliferation driven by the Ras and Wnt pathways (red arrows). When Smad4 function is mutated during cancer progression, the barrier effect of Smad4 is lost with catastrophic consequences.

Smad4 is also known as deleted in pancreatic carcinoma 4 (DPC4), and acts as a major tumor suppressor gene that constrains cancer growth. Pancreatic, colorectal, and prostate carcinomas proliferate rapidly and progress toward metastases when Smad4 function is lost.[@cit0005] At early stages, many tumors are driven by activation of the Ras/Erk and Wnt oncogenic pathways, which increase the expression of proliferation genes such as cyclin D and c-Myc ([**Fig. 1B**](#f0001){ref-type="fig"}, red arrows). On the other hand, the TGF-β pathway is known to have potent antiproliferative actions through the activation of cyclin-dependent kinase (CDK) inhibitors such as p14^Ink4b^ and p21^WAF^[@cit0001] (reviewed in ref. 6).

As indicated by the green arrows in [**Fig. 1B**](#f0001){ref-type="fig"}, activation of the FGF/EGF/Ras pathway (which activates Erk) and the Wnt pathway (which inhibits GSK3) will result in the accumulation of maximally active Smad4. The consequent increase in the antiproliferative effect of TGF-β signaling would counteract the mitogenic action of Ras and Wnt activation. This protective effect of TGF-β will be lost when the Smad4/DPC4 tumor suppressor is mutated, providing a molecular pathway for the barrier effect of Smad4 during cancer progression. This mechanism explains why the loss of Smad4 has such dramatic effects in mice harboring a truncation of adenomatous polyposis coli (APC),[@cit0008] as well as in human tumors.[@cit0006] In this regard, Smad4/DPC4 plays such a prominent role in the malignant progression of cancer because the newly identified growth factor-regulated phosphorylations place it at the crossroads of 3 major signaling pathways that balance each other ([**Fig. 1B**](#f0001){ref-type="fig"}).

The discovery that Smad4 activity and stability are regulated directly by MAPK and GSK3 phosphorylations also offers a possible explanation for the decreased stability of Smad4 mutant protein with point mutations that severely inhibit its function. Smad4 is frequently deleted in metastatic tumors, but intragenic point mutations are also quite common.[@cit0005] Several point mutations in the MH1 or MH2 domains have been shown to increase Smad4 degradation by increasing binding of Smad4 to the β-TrCP E3 ubiquitin ligase.[@cit0010] Our finding that β-TrCP binding to Smad4 is a requirement for GSK3 phosphorylations suggests that in cells harboring point mutations in Smad4 (which possibly cause misfolding) the protein may be hyperphosphorylated by GSK3, generating a phosphodegron that is recognized and bound by the ubiquitin ligase β-TrCP to promote degradation. Ongoing investigations strongly support this model and suggest that some Smad4 mutant proteins commonly found in pancreatic cancer have retained their ability to transduce the TGF-β signal provided that their β-TrCP-mediated degradation is blocked by the addition of GSK3 inhibitors. A potential therapeutic application is that pharmacological GSK3 inhibitors might stabilize Smad4 and restore growth control in tumors harboring such Smad4 mutations.

In conclusion, the finding that Smad4/DPC4 activity and stability are regulated through a set of phosphorylation sites encoded in its primary sequence and by 2 of the most common oncogenic signaling pathways provides a molecular explanation for its barrier role during cancer progression.
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